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Abstract Submersed aquatic plants have a key role
in maintaining functioning aquatic ecosystems through
their effects on the hydrological regime, sedimenta-
tion, nutrient cycling and habitat of associated fauna.
Modifications of aquatic plant communities, for exam-
ple through the introduction of invasive species, can
alter these functions. In the Sacramento-San Joaquin
River Delta, California, a major invasive submersed
plant, Brazilian waterweed Egeria densa, has become
widespread and greatly affected the functionality of the
submersed aquatic plant community. Rapid assess-
ments of the distribution and abundance of this species
are therefore crucial to direct management actions
early in the season. Given the E. densa bimodal growth
pattern (late spring and fall growth peaks), summer
assessments of this species may indicate which and
where other submersed species may occur and fall
assessments may indicate where this and other species
may occur in the following spring, primarily because
the Delta’s winter water temperatures are usually
insufficient to kill submersed aquatic plant species. We
assessed community composition and distribution in
the fall of 2007 and summer of 2008 using geostatis-
tical analysis; and measured summer biomass, tem-
perature, pH, salinity, and turbidity. In the fall of 2007,
submersed aquatic plants covered a much higher
proportion of the waterways (60.7%) than in the
summer of 2008 (37.4%), with a significant overlap
between the seasonal distribution of native and non-
native species. Most patches were monospecific, and
multispecies patches had significantly higher domi-
nance by E. densa, co-occurring especially with
Ceratophyllum demersum. As species richness of
non-natives increased there was a significant decrease
in richness of natives, and of native biomass. Sustained
E. densa summer biomass negatively affected the
likelihood of presence of Myriophyllum spicatum,
Potamogeton crispus, and Elodea canadensis but not
their biomass within patches. Depth, temperature and
salinity were associated with biomass; however, the
direction of the effect was species specific. Our results
suggest that despite native and invasive non-native
submersed plant species sharing available niches in the
Delta, E. densa affects aquatic plant community
structure and composition by facilitating persistence
of some species and reducing the likelihood of
establishment of other species. Successful manage-
ment of this species may therefore facilitate shifts in
existing non-native or native plant species.
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Introduction
Submersed plant species are particularly important to
aquatic environments because they function as service
providers (e.g., Duarte 2000) and ecosystem engineers
(Jones et al. 1994; Jones et al. 1997). Submersed
aquatic plants provide erosion stabilization (Gurnell
et al. 2006), water retention, facilitate nutrient cycling,
and provide habitat to associated faunal communities
(de Groot et al. 2002; Duarte 2000). For example,
submersed plants can affect the availability of oxygen
in aquatic ecosystems, which in turn can have cascad-
ing impacts on nutrient cycling and habitat (Caraco
et al. 2006; Caraco and Cole 2002; Rybicki and
Landwehr 2007). Submersed aquatic plant communi-
ties also trap floating sediment particles, raise river bed
levels by increasing sedimentation rates, increase
water clarity, impede light penetration, steepen verti-
cal temperature gradients, decrease river water veloc-
ity, alter flow-patterns, and ultimately change the
banks of river channels from lotic to lentic systems
(Jones et al. 1994; Jones et al. 1997; Rybicki and
Landwehr 2007). However, irreversible changes in
aquatic environments can occur if these traits/services
are exacerbated by the over-abundance of specific
species, such as non-native invasive species.
Non-native invasive species are species from a
different geographical location whose traits often
allow them to out-compete native species, through
fast growth, restricting resources available to natives,
or directly competing with them for space (Blumenthal
and Hufbauer 2007). However, non-native species are
not uniformly detrimental, as they may facilitate
spread of native species by engineering the ecosystem
(Rodriguez 2006), or may improve ecosystem function
for associated fauna, such as waterfowl (Rybicki and
Landwehr 2007). Further native species can also
become invasive. We distinguish between the two
types of species dynamics by naming ‘‘invasive
species’’ native or non-native species that have nega-
tive effects, and the less aggressive as just native or
non-native species. Invasions of the Sacramento-San
Joaquin River Delta have altered native species
composition (Cohen and Carlton 1998; Nobriga et al.
2005). In the Delta, the most prominent non-native
invasive submersed plant species is Brazilian water-
weed Egeria densa (Anderson 1990), which is reported
to have displaced most of the native submersed aquatic
plant species within the system (Lund et al. 2007).
E. densa is actively managed in parts of the central
Delta (e.g. Franks Tract), and these actions are likely to
reduce areal cover of this species (Santos et al. 2009)
and could eventually change the composition back to a
native species dominated community. Management of
E. densa is complicated by its bimodal growth periods,
late spring and autumn, (Pennington and Sytsma
2009), and by the large spatial extent of the Delta.
This unique growth pattern would require multiple
management actions throughout the year to overcome
its competitive growth advantage, which would
increase management costs substantially. Seasonal
assessments of the spatial distribution and abundance
of submersed species may aid defining management
goals throughout the year, especially if matched with
species lifecycles. For example, Woolf and Madsen
(2003) reported that in Southern Minnesota, Potamog-
eton crispus turions sprout in late fall, but exhibit rapid
growth the following spring; they suggest that early
spring may be the optimal time for management.
Similarly, summer assessments of E. densa distribu-
tion and abundance may indicate which and where it
and other submersed species may occur, whereas fall
assessments may indicate where E. densa and other
species may occur in the following spring, especially
because the winter water temperatures in the Delta are
usually insufficient to kill submersed aquatic plant
species (Cook and Urmi-Ko¨nig 1984; Mony et al.
2007; Van Nes et al. 2002). Furthermore, since species
such as Stuckenia pectinata and Potamogeton nodosus
produce specialized over wintering structures (tubers
and winter buds, respectively) in late summer-fall in
the sediment, sprouting of these propagules often
results in recruitment at the same site the following
spring (Sculthorpe 1965).
Spatially, the distribution and abundance of sub-
mersed plants is limited by anaerobic respiration
(Blom and Voesenek 1996; Sand-Jensen et al. 1982;
Vartapetian and Jackson 1997), low light penetration in
the water column (Madsen and Sand-Jensen 1991), low
nutrient availability (Pagano and Titus 2007; Vadstrup
and Madsen 1995), competitive interference from
functionally similar submersed species (Chambers and
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Prepas 1990), and from floating and emergent plant
communities (Scheffer et al. 2003). Several techniques
have been used to obtain reliable estimates of
submersed plant distributions (Best 1981; Champion
and Tanner 2000; Marshall and Lee 1994; Vis et al.
2003). The advent of spatial technology such as aerial
photography and other remote sensing technologies
(Marshall and Lee 1994; Vis et al. 2003), and powerful
geostatistics tools such as kernel density estimators
(Brunsdon 1995; Worton 1989), make it possible to
ally field measurements with large scale assessments.
Thus, there is a need to correctly estimate submersed
aquatic plant species spatial distribution, plant com-
munity composition and biomass, and to understand
their interactions and constraints due to the biophysical
conditions in the environment.
To assess the effects of seasonal species-specific
distributions, we examined the spatial distribution of
the submersed aquatic species at a regional scale in
the Sacramento-San Joaquin River Delta during the
fall of 2007 and summer of 2008. Our objectives
were to assess: (1) how the spatial distribution of
species in the fall matches the distribution of species
in the following summer; (2) assess to what extent the
non-native and native species are co-distributed and
co-occurring; and (3) to determine how the presence
and biomass of each species is affected by the
presence of E. densa and by environmental
parameters. We discuss the potential for using these
results to inform management of the submersed
aquatic community in this complex and highly
invaded system, as well as other systems.
Methods
Study site
The study was conducted in the central area of the
Sacramento-San Joaquin Delta (20,776.3 ha) in Cali-
fornia, including the convergence of the San Joaquin,
the Sacramento, the Mokulumne, and the Cosumnes
Rivers. This is a highly dynamic hydrological system
due to the interaction of downstream freshwater inputs
from the Sacramento and San Joaquin Rivers and the
strong tidal and marine influence of the San Francisco
Bay (Fig. 1), combined with active (pumped) man-
agement of water flows throughout the Delta. Note that
the large bay in the central area of the Delta is Franks
Tract, where herbicide was applied to control E. densa.
Depths typically range from a few cm to 5 m depend-
ing upon bathymetry and tidal cycles.
Spring snowmelt from the Sierra generally
increases turbidity and produces cool water condi-
tions (10–15C), whereas late summer low river flows
lead to low turbidity and high temperatures (typically
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17–22C). These inputs have a great impact on the
Delta water clarity and thus available light for
submersed aquatic plants. Also, the gradient of saline
and fresh water creates unique conditions for differ-
ential establishment of the submersed aquatic plant
species. In addition, increasing anthropogenic activ-
ities in the Delta and its vicinity have dramatically
changed natural flow patterns, regulated water input
into the system (Nichols et al. 1986), and reduced
water quality. These conditions, coupled with the
introductions of floating, emergent and submersed
plants over many decades, have substantially altered
aquatic and riparian habitats. The native submersed
aquatic plant assemblage includes coontail (Cerato-
phyllum demersum), sago pondweed (Stuckenia
pectinata), broadleaf sago pondweed (Stuckenia fili-
formis), common waterweed (Elodea canadensis),
and American pondweed (Potamogeton nodosus) all
of which face increasing competition from non-native
E. densa, Eurasian watermilfoil (Myriophyllum spic-
atum), Carolina fanwort (Cabomba caroliniana), and
curlyleaf pondweed (Potamogeton crispus).
Field surveys
We conducted field surveys in October 2007 and
again in June 2008. Coincidently, this sampling
period followed the April 2007 and 2008 applications
of the systemic herbicide fluridone in Franks Tract
(ca.1113 ha in the central Delta—Fig. 1) aimed at
controlling E. densa. Locations were randomly
selected throughout the Delta using ArcGIS and a
previously existing distribution map of submersed
aquatic vegetation of the Delta (Hestir et al. 2008).
We selected 500 locations within the submersed
aquatic vegetation distribution range and a similar
number of locations in areas without submersed
aquatic vegetation. At each location we identified the
submersed aquatic plant species and documented
their locations using a handheld Geographic Position
System device with sub-meter accuracy (Geo XT,
Trimble Inc., Sunnyvale, California, USA).
Submersed aquatic plant species sampling consisted
of retrieving submersed aquatic plants using a long-
handled, double-headed thatch rake (head width of
35 cm, with fourteen, sharp, flat 5.5 cm long tines on
each side) following the protocol described in Kenow
et al. (2007). The rake-sampling technique is effective
in determining the presence and composition of
submersed plants, especially when water clarity is
poor. Rake sampling offers an alternative to other
methods, like hydro-acoustic techniques, which are
inaccurate in shallow waters (\0.7 m) (Kenow et al.
2007) and under dense submersed aquatic plant
canopies (Vis et al. 2003), and cannot reliably distin-
guish species (Winfield et al. 2007), especially when
they co-occur. At each site we collected one rake
sample and identified each of the species. The relative
quantity and relative proportion of individual species
in each rake measurement were rated from 1 to 100 to
estimate the dominance of each species, following the
protocol described in Kenow et al. (2007).
In the summer 2008, we also collected the plants
retrieved at a subset of rake sampling locations to
measure the biomass of each species. Samples were
brought to the lab, separated by species, washed to
remove sediment, shaken to remove external water,
and weighed. For each species, 10 subsamples of
whole plants of each species were randomly selected
and oven dried for 72 h after measuring fresh weight.
The same samples were re-weighted to obtain dry
weight. At each rake location we measured temper-
ature (C), conductivity (mS cm-1), pH, and turbidity
(NTU) along depth profiles using a handheld YSI
multiprobe sonde (YSI, Inc. Yellow Springs Ohio,
USA). Local abiotic parameters were registered
continuously across the water column, and average,
minimum and maximum values were calculated for
each location.
Data analysis—spatial autocorrelation
River systems are spatially autocorrelated due to their
network structure (Wagner and Fortin 2005). For
many statistical techniques, failure to account for
autocorrelation violates the assumption of indepen-
dent observations and may bias estimates of model
parameters, inflate significance values of parameter
estimates, and diminish the overall predictive perfor-
mance of the statistical model (Legendre et al. 2002;
Wintle and Bardos 2006). Since our goal was to
assess spatial patterns of submersed aquatic plant
species distribution and biomass, we used Moran’s
index (I) coefficient (Eq. 1) (Moran 1950) to deter-
mine if our field data was affected by spatial
autocorrelation.
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where I(h) is the value of the index for interval class
h, h is the distance between samples, N(h) is the
number of observations in interval class h, zi is the
measured value at point i, and zi?h is the measured
value at point i ? h (Moran 1950). The index value
was then used to calculate Moran’s I statistic (Eq. 2).
Ik ¼ ðIðhÞ  u1Þ= ﬃﬃﬃﬃﬃu2p ð2Þ
In Eq. 2, u1 and u2 are the expected value and the
variance of I(h), respectively, which are compared to
those of a normal distribution under the null hypoth-
esis that there is no spatial autocorrelation (Cheng and
Stephens 1986; Epperson and Li 1996). This cross-
autocorrelation coefficient measures the commonality
in the spatial patterns of the variables (Fortin et al.
1989) and varies from -1 (perfect negative spatial
autocorrelation) to 1 (perfect positive spatial autocor-
relation), with values close to 0 representing no spatial
autocorrelation. We used ArcGIS v 9.2 Spatial
Statistics Spatial Autocorrelation Tool (ESRI, Inc.,
Redlands, California) to calculate the autocorrelation
index. Since our dataset showed a random pattern
(I = 0.01; z-score = 0.52, P [ 0.05), we concluded
the absence of spatial autocorrelation and performed
additional analyses without excluding any of the field
data points.
Data analysis—species spatial distribution
To obtain the spatial distribution of each plant species
and pooled native and non-native plants, we used
kernel-based geostatistical methods (Brunsdon 1995;
Worton 1989) because they are well suited to river
networks (Grant et al. 2007). Kernel estimators
calculate a non-parametric utility distribution function
based on a set of independent point locations, retriev-
ing a multivariate probability surface for a given
phenomenon (Brunsdon 1995; Worton 1989). As
kernel-based predictions may reflect distribution pat-
terns in areas surrounding the initial observation
points, they are thus more adequate to map narrow
stream channels and river networks. Further, kernel
methods may resolve the multivariate complexity of
aquatic systems processes, as they do not rely on
distributional assumptions and can represent both
linear and non linear processes (Sharma et al. 1997).
We used the ArcGIS v 9.2 Spatial Analyst Kernel
Density tool (ESRI, Redlands, California) to estimate
the kernel probability surface for each submersed
aquatic species. We set the search radius to be 500 m
to allow contiguous distributions in the major Delta
islands, and the output grid cell size to be 3 m. We then
used the Spatial Analyst Math tool to overlay each of
the species distributions and then estimate which areas
are most likely to have higher species richness. We
also calculated the area covered by each species, and
for the sum of the native and the sum of the non-native
species, and assessed if there were differences in area
covered by each species, the sum of natives and the
sum of non-natives between the fall and the summer.
To assess co-occurrence of native and non-native
plants we first calculated the relative frequency of
each species in the data set, the species richness at
each location, the frequency at which species were
found to co-occur and the overall community richness
for the two sampling seasons. Relative frequency was
estimated as the proportion of species i samples
within the total dataset, and species richness was also
estimated. We repeated the calculations after lumping
the native species and non-native species into sepa-
rate categories. We then tested for seasonal effects on
species richness and dominance by each species using
non-parametric Wilcoxon’s Chi-square (Zar 1999).
We created a regression between the native richness
against the non-native richness to assess co-occur-
rence. We also compared the number of times each
species was found in monospecific patches or co-
occurring with other species, and assessed seasonal
differences in the co-occurrence rates.
Data analysis—community responses to Egeria
densa and biophysical factors
To assess community responses to invasion, we
converted fresh weight to dry weight for estimates of
total plant biomass. We used linear regression analysis
to obtain a prediction curve for dry weight for each
species (see Appendix 1). We calculated the dry
weight of each species in each of the rake samples and
calculated total biomass, and native and non-native
plant biomass. We then regressed native biomass
against the non-native biomass to test whether
the biomass of non-natives species may constrain the
biomass production of native species. We repeated the
analysis excluding sites where non-native species
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biomass was zero. We then tested for effects of non-
native species richness on native biomass and that of
native species on non-native biomass using non-
parametric Wilcoxon’s Chi-square tests (Zar 1999).
Since E. densa was the most common species and
the most common invasive species in this system, we
used logistic regression to test the association of
E. densa biomass with the presence of both the native
and other non-native species. We tested logistic
regression results with goodness-of-fit using the Area
Under the Curve (AUC) of the receiver operating
curve, which varies from 0 to 100 (Hanley and
McNeil 1982) where values closer to 100 indicate
better fit. Finally, we tested if species biomass was
related to biophysical properties. We used multivar-
iate stepwise least squares regression between bio-
mass of each species and the biophysical parameters,
and also tested for the combined effect of biophysical
properties and biomass of E. densa, by adding dry
weight of E. densa as a candidate variable (Zar 1999).
Results
We sampled submersed aquatic vegetation in 380
locations in the autumn of 2007 and 436 locations in
the summer of 2008. Average species richness at
sampling locations was not significantly different in
the summer (1.63 ± 0.77 species) than in the fall
(1.51 ± 0.66 species, v2 = 1.48, P = 0.224).
Species occurrence and co-occurrence
E. densa was the most frequently detected species,
and was present in more than 50% of the samples
(Table 1) whereas C. demersum was the second most
frequently detected species. P. nodosus, a native, was
the least often detected species. About half the
patches were monospecific in each season (57.6% in
the fall and 55.3% in the summer, Table 2). E. densa
was dominant (higher % cover of the rake) in
multispecies patches in the fall than the summer,
whereas almost all the other species were more
dominant in the summer, except P. crispus and
Stuckenia spp. (Table 3).
Most species co-occurred with up to 3 other
species, especially during the summer (Fig. 3).
Native and non-native plants showed similar fre-
quencies of co-occurrence, and each were more likely
to co-occur with only one other species at a given
sampling site. However, two native species,
E. canadensis and P. nodosus, showed higher
frequencies of co-occurrence with more species
(Fig. 2). The most commonly co-occurring species
were E. densa and C. demersum, both in the fall (85
records) and the summer (119 records) (Table 2).
Table 1 Number of detections, relative frequency (in percent) from point samples, area (ha) and percent cover of the submersed
aquatic plant species detected in the Sacramento-San Joaquin River Delta (waterways area is 639.89 ha)
Scientific name Code Status Fall 2007 Summer 2008
Detections (%) Area (ha) % cover Detections (%) Area (ha) % cover
Egeria densa EGDE Non-native 339 (89) 382.49 59.77 300 (69) 99.64 15.6
Cabomba caroliniana CACA Non-native 1 (0.3) NA NA 36 (8) 1.41 0.2
Myriophyllum spicatum MYSP Non-native 32 (8) 68.03 10.6 78 (18) 20.4 3.2
Potamogeton crispus POCR Non-native 52 (14) 50.8 7.9 53 (12) 10.03 1.6
Total 424 382.9 59.8 467 174.08 27.2
Ceratophyllum demersum CEDE Native 107 (28) 283.77 44.3 180 (41) 59.14 9.2
Potamogeton nodosus PONO Native 1 (0.3) NA NA 10 (2) 6.04 0.9
Elodea canadensis ELCA Native 19 (5) 34.28 5.36 10 (2) 18.29 2.9
Stuckenia spp. STSPP Native 24 (6) 73.02 11.4 32 (7) 69.84 10.9
Total 151 294.29 45.9 232 157.04 24.5
Total submersed species 575 388.35 60.7 699 239.6 37.4
Spatial distribution of submersed aquatic plant species was estimated using spatial interpolation, where values in between sampling
points were estimated using a kernel method to derive a utility distribution function. Percent cover was estimated as the ratio between
area of each species and that of the waterways
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C. demersum and E. densa also showed high
frequency of co-occurrence with M. spicatum in both
seasons.
Although most of the co-occurrence at the species
level was observed between the native C. demersum
and the non-native E. densa, this pattern is not reflected
between native and non-native richness. Regression
between richness of natives and non-natives was
significant (F = 3.19, P = 0.05) and showed a signif-
icantly negative slope (slope = -0.166, P = 0.05)
indicating that as richness of non-natives increases
there is a decrease in the richness of natives. However,
there was no significant relationship between native
and non-native biomass in the summer (F = 0.67,
P = 0.58). Biomass of native plants was significantly
higher at either lower richness or absence of non-
natives (vWilcoxon
2 = 8.14, P = 0.04); and biomass of
non-natives was significantly higher at either lower
richness or absence of natives (vWilcoxon
2 = 10.16,
P = 0.006). Similar results were obtained when sites
where non-native biomass was zero were excluded.
Species spatial distribution
The submersed plant canopy covered a large propor-
tion of the waterways (Fig. 3), reaching 60.7% in the
fall. Non-native plants covered an area 5 to 10% larger
than the native plants, and this difference was greater
in fall than in summer (59.8% by non-natives and
45.9% by natives; Table 1). Of the 388.35 ha of
submersed plant canopy observed in the fall, 74.3% of
this area (288.88 ha) was shared between native plants
and non-native plants; in the summer the degree of
co-occurrence was lower (91.9 ha of 239.6 ha of
submersed plants, 38.2%). Further, native plants were
found more often in the same areas (45.8% of the area)
in the fall and summer than were non-natives (31% of
same area). E. densa and C. demersum covered the
largest area (Table 1) and their distribution showed
the greatest overlap, both in fall and in summer
(Table 2). Furthermore, C. demersum and Stuckenia
spp. distribution area also showed high overlap,
especially in the fall (Table 4).
Table 2 Count of species detections as single species and when co-occurred in a given location, as measured by the rake samples in
the Fall 2007 (n = 380) and Summer 2008 (in parenthesis; n = 436)
E. densa C. caroliniana M. spicatum P. crispus C. demersum P. nodosus E. canadensis Stuckenia spp.
E. densa 194 (132)
C. caroliniana 1 (25) 0 (7)
M. spicatum 21 (45) 1 (6) 32 (21)
P. crispus 39 (32) 0 (2) 2 (9) 52 (8)
C. demersum 85 (119) 1 (9) 13 (30) 5 (22) 107 (42)
P. nodosus 0 (5) 0 (1) 0 (1) 0 (4) 0 (6) 1 (3)
E. canadensis 14 (5) 0 (0) 3 (1) 7 (2) 9 (6) 0 (0) 19 (1)
Stuckenia spp. 13 (3) 0 (0) 5 (0) 1 (2) 11 (4) 0 (0) 0 (2) 3 (27)
It can be observed that E. densa was the most detected species in the rake samples and also in co-occurrence with other species
Table 3 Dominance of
each of the species in Fall
2007 and Summer 2008 in
the rake samples collected
in the Central area of the
Delta
Dominance was estimated
as proportion of the rake
that was covered by each of







Egeria densa 74.37 50.55 61.65 0.001
Cabomba caroliniana 0.08 3.46 29.9 0.001
Myriophyllum spicatum 5.8 9.21 14.48 0.001
Potamogeton crispus 5.8 5.97 0.369 0.54
Ceratophyllum demersum 9.49 21.7 23.37 0.001
Potamogeton nodosus 0.26 1.4 6.26 0.01
Elodea canadensis 1.02 1.15 4.13 0.04
Stuckenia spp. 3.1 6.5 0.569 0.45
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The kernel utility distribution function results
shows that native and non-native species richness in
the Delta is variable in space (Fig. 3). The areas with
higher likelihood of finding native and non-native
species were Big Break, Frank’s Tract, Rhode Island
and Venice Cut (Fig. 3). Nonetheless, the native and
non-native species spatial distribution in Franks Tract
and Venice cut greatly changed from the fall to the
following summer.
Plant community responses to Egeria densa
and biophysical factors
High biomass of E. densa was associated with
decreased presence of M. spicatum, P. crispus and
E. canadensis (Table 5), but not with their biomass
(Table 6). Depth was positively associated with
E. densa, C. demersum, and E. canadensis biomass.
Temperature most strongly correlated with the bio-
mass of M. spicatum, P. crispus and E. canadensis,
with positive effects on the first two species and
negative on the latter. In addition, minimum
temperature was associated with lower biomass of
M. spicatum. Conductivity was positively associated
with biomass of M. spicatum, P. crispus and
E. canadensis, and there was a negative effect
of average electrical conductivity in P. crispus.
E. canadensis was the only species in which biomass
was positively correlated with average pH. Finally,
low turbidity was positively associated with E. densa
and E. canadensis biomass (except for a negative
effect of minimum turbidity); whereas turbidity was
negatively associated with biomass of P. crispus. All
models were significant and model performance was
high, as observed by the high AUC values. Models
explained between 12 and 54% of the variability of
the data set.
Discussion
Submersed aquatic plant species act as ecosystem
engineers and service providers (e.g., Rybicki and
Landwehr 2007), whose impacts at the ecosystem
level can be aggravated when these species have
invasive traits. Our results show that the submersed
plant community in the Delta is comprised of a mix
of native and non-native species, co-occurring in
similar locations. However, in sites with higher
richness of natives, there is lower richness of non-
natives and vice versa. The submersed aquatic plant
community richness of the Sacramento-San Joaquin
River Delta is similar to that reported for other river
systems such as the Mississippi River (Kenow et al.
2007) and the tidal Potomac River (Rybicki et al.
2001), fluvial lakes such as the St. Laurence Lake
(Quebec, Canada) (Vis et al. 2003), and lentic
systems such as lakes in Maine (Hunter et al.
1986). However, in the Delta, the ratio of non-native
to native plant species is higher (4:5) than that for
these other systems (1:6, 1:14 or 2:5) (Hunter et al.
1986; Kenow et al. 2007; Rybicki et al. 2001; Vis
et al. 2003). This indicates that the non-native species
are a major and much larger component of submersed
aquatic plant communities in this system than
reported in others.
Native and non-native plants are widespread in the
summer and fall, and non-native plants co-occur in
many areas (Fig. 3). However, higher overlap
between natives and non-natives was observed in
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Fig. 2 Species interactions in the fall 2007 and summer 2008
as estimated by frequency of occurrence in rake samples
(EGDE E. densa, CACA C. caroliniana, POCR P. crispus,
MYSP M. spicatum, CEDE C. demersum, ELCA E. canaden-
sis, PONO P. nodosus, STSPP Stuckenia spp.)
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appears to be mainly due to the secondary, late fall
growth of E. densa, resulting in its covering a larger
area at the end of the growing season. Indeed,
E. densa was the most widespread species both
spatially (Table 1), and temporally, with persistence
from fall to summer (Table 4). This persistence no
doubt accounts for increased dominance of E. densa
in the fall than in the summer (Table 2). However,
the herbicide-mediated control of E. densa in the
central area of the study area that may reduce the
presence of E. densa during the mid-late summer
(ReMetrix 2008) resulting in its apparent increase in
growth in the fall as it recovers. These control
measures have been successful in reducing E. densa
height and biovolume (Santos et al. 2009). We
suggest that part of the reason for these changes in
dominance and large decrease in cover from fall to
summer is due to different life history traits of these
submersed plants. In the Delta E. densa does not
senesce in areas of warmer temperature and relatively
Fig. 3 Native and non-
native species distribution
for the central area of the
Sacramento San Joaquin
River Delta, October 2007
and June 2008 overlaid on
the bathymetry of the study




based on the kernel method.
This method creates a utility
distribution function that
describes the probability of
presence of natives and
non-natives at any location
of the study area, based on
the presence and absence
records from rake sampling.
Lighter areas indicate areas
with higher probability of
presence and dark areas
indicate zero probability of
presence of native and non-
native species
Table 4 Overlap area (m2) between each pair of species distributions in the fall 2007 (unbold values) and in the summer 2008 (italic
values)
E.densa C. caroliniana M. spicatum P. crispus C. demersum P. nodosus E. canadensis Stuckenia spp.
E. densa 69.19 1.39 9.1 9.78 43.94 1.29 13.07 14.56
C. caroliniana – 0 1.41 0 0.13 0 0 1.15
M. spicatum 64.38 – 13.33 3.16 5.49 0 2.59 9.4
P. crispus 50.06 – 14.28 0 8.16 0 2.22 3.33
C. demersum 275.87 – 57.53 41.94 27.56 5.06 11.5 13.99
P. nodosus – – – – – 0 2.58 4.64
E. canadensis 34.18 – 11.92 15.75 34.25 – 2.69 5.45
Stuckenia spp. 67.63 – 20.65 5.59 60.99 – 0.51 20.58
Areas were calculated from the kernel analysis results, considering the areas where the species likelihood of presence was higher than
50%. Bold values represent the total area where the species was found in the fall and again in the summer
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constant flow (Pennington and Sytsma 2009). Thus,
as native submersed plant species senesce in the fall,
E. densa continues producing biomass, some of
which persists through the winter. This pattern of
sustained growth is also evident for other non-native
species as M. spicatum, which initiates new growth
from basal buds in the fall that gives it a competitive
edge in early spring. As a consequence, the over
wintering vegetative biomass can respond quickly to
both increased day length and temperatures in early
spring thus providing E. densa and M. spicatum with
a competitive advantage over some native and non-
native species.
Despite the extent of cover by E. densa in much of
the available habitat in the Delta, it co-occurs with all
other species (Table 2). A host of physical resources
and life-history traits can account for this sustained
co-occurrence, including (1) a response to spatially
imposed constraints (nutrients, available spatial
niches, etc.) that may restrict the spread of species;
(2) replacement of other submersed species by
E. densa, through competition with the native species
(?/-: positive effect to E. densa and negative effect
to native species); and (3) facilitation of other
submersed species establishment by E. densa, growth
and spread (?/0: positive effect to E. densa and null
effect to other species). For example, the highest
recorded co-occurrence was between E. densa and
the native C. demersum (50% of the observations) in
both seasons (Table 2). Since C. demersum lacks
Table 6 Least squares regression between species dry-biomass and biophysical parameters
Variablesa, b E. densa M. spicatum P. crispus C. demersum E. canadensis
Intercept 9.07 (0.3) 0.26 (0.97) -11.67 (0.33) 4.15 (0.69) 1.149 (0.5)
Average depth -0.61 (0.19) -90.02 (0.0004) 0.11 (0.22)
Min. depth 9.28 (0.03) 42.9 (0.002)
Max. depth 47.8 (0.002)
Average temp. 4.2 (0.0006) -0.48 (0.0001)
Min. temp. -3.8 (0.0003) 0.7 (0.2)
Average cond. -0.64 (0.0001)
Min. cond. 0.007 (0.2) 0.084 (0.004) 0.004 (0.003)
Max. cond. 0.55 (0.0001) 0.004 (0.003)
Average pH 1.02 (0.003)
Average turb. 0.05 (0.09)
Min. turb. 0.64 (0.02) -0.11 (0.1) -0.07 (0.02)
F (P-value) 5.36 (0.007) 4.85 (0.002) 15.8 (0.0001) 5.2 (0.003) 12.1 (0.0001)
R2 0.12 0.20 0.51 0.17 0.54
temp. temperature, cond. conductivity, turb. turbidity
a The potential predictor variables maximum temperature, minimum and maximum pH, and maximum turbidity did not affect any of
the species so were removed from the table
b We tested the effect of E. densa biomass on the biomass of the other species, and no significance was retrieved so we also excluded
this from the predictor variables list
Table 5 Likelihood of
species presence affected by
E. densa biomass in the
summer of 2008 (N = 147),
as estimated using logistic
regression (AUC—Area
Under the Curve)
Species v2 (P-value) R2 Constant (P-value) EGDEDW (P-value) AUC
C. caroliniana ns – – – –
M. spicatum 8.78 (0.003) 0.26 -0.86 (0.18) -2.17 (0.14) 0.804
P. crispus 11.34 (0.0008) 0.21 -0.375 (0.44) -0.098 (0.04) 0.79
C. demersum ns – – – –
P. nodosus ns – – – –
E. canadensis 4.52 (0.03) 0.26 -1.55 (0.13) -0.41 (0.38) 0.85
Stuckenia spp. ns – – – –
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anchoring rooting capability (Denny 1972; Kautsky
1988) it is limited in flowing (and in this case also tidal)
systems. However, E. densa canopy, creates more
structure where C. demersum can anchor. C. demersum
is also the species that shows the highest co-occurrence
rates with other submersed plant species (Table 2),
indicating that C. demersum is anchoring to preexisting
submersed plants canopy. Exception may be made to
those species with a filiform architecture and slippery
canopy (Stuckenia spp. and P. nodosus), which are
probably not conducive to anchoring C. demersum.
Furthermore, E. densa stands reduce turbidity, thus
increasing available light through the water column,
which may promote C. demersum growth and persis-
tence. Although a laboratory study suggests that
senescing C. demersum in the sediment may release
allelopathic substances that hinder the development of
other neighboring submersed plant species except
E. densa (Matheson et al. 2005), this has not been
demonstrated under natural conditions. In the Delta,
the recent establishment of E. densa in the early 1990’s
may suggest that this species is still expanding its range
and is thus potentially outcompeting and replacing
other species (Lacoul and Freedman 2006). In addition,
the gradual reduction of emergent plant canopy over
the past 20 years resulting from the successful man-
agement of water hyacinth (Eichhornia crassipes) has
probably released habitat available for submersed
plants in general (CDBW 2005; Santos et al. 2009).
This study supported our initial hypothesis that the
fall growth of E. densa would constrain the presence of
other submersed aquatic plant species in the following
summer. During the fall, E. densa in the Delta is known
to grow ca. 0.7 cmd-1 (Tip growth rate ranges
from 0.17 ± 0.6 cmd-1 in November and 0.68 ±
0.08 cmd-1 in April; stems elongated at a rate of
0.24 ± 0.04 cmd-1 in April and 0.09 ± 0.01 cmd-1
in August; buds grew up to 0.26 ± 0.08 cmd-1
Pennington 2007), which is one of the highest reported
growth rates in submersed aquatic vegetation. Sub-
mersed plant growth is often limited by light avail-
ability, thus depth to the sediment has often been
pointed out as a main constraining factor (Kautsky
1988). Our results also show an effect of depth on the
growth of M. spicatum, C. demersum and E. canaden-
sis, as well as E. densa. The first two species
demonstrate lower biomass as average depth increases,
indicating some light limitation at least in the case of
M. spicatum (Kautsky 1988; Nichols and Shaw 1986;
Titus et al. 1975), which is known to be a intermediate
depth species (Nichols and Shaw 1986). Depth effects
on C. demersum biomass may seem counter-intuitive
since this plant lacks true roots; however, it is often
entangled with species that are rooted to the sediment,
such as E. densa and E. canadensis. The latter is one of
the most depth tolerant species (Nichols and Shaw
1986), and our results are consistent with this pattern as
we found higher biomass of E. canadensis at greater
depths.
The growth of M. spicatum, P. crispus and E. canad-
ensis was affected by water temperature. The Delta has
relatively high water temperature (18–20C in the
summer), when compared with similar systems (Yates
et al. 2008), and these increased temperatures seem to
benefit the growth of non-natives such as M. spicatum
(Titus et al. 1975) and P. crispus (Nichols and Shaw
1986). On the other hand, natives such as E. canadensis
are negatively affected by higher water temperature.
Optimal temperature for this species is not well
understood, however it is known that E. canadensis
does not thrive in competition with species adapted to
warmer temperatures (Nichols and Shaw 1986). The
negative effect of temperature on E. canadensis growth
may be associated with this species preference for
deeper waters, which likely have lower temperatures.
Three species (M. spicatum, P. crispus and E. canad-
ensis) also show higher growth in areas with higher
conductivity, thus higher salinity. The Delta has a
strong gradient of decreasing salinity from the west to
the east (Jassby and Cloern 2000; Lucas et al. 2002),
and thus it is not surprising that as species growth is
positively influenced by salinity (Nichols and Shaw
1986), there is a higher cover in the western part of the
study area (Fig. 3). Submersed species are known to
have greater growth in more alkaline waters (Nichols
and Shaw 1986), however, only E. canadensis growth
is positively affected by pH.
Conclusions
Our study addressed three objectives about the distri-
bution of native and non-native species in the fall and
the following summer. We found that the species
distribution in the fall tends to predict the distribution
in the following spring, however, there is a higher
distribution overlap between natives and non-natives
species in the fall than in the following summer.
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E. densa has the most extensive spatial and temporal
distribution with persistence from fall to summer due
to its overwintering growth. This lack of winter
dormancy is more common in the non-native species
than the native species. Additionally we show that
although all species co-exist, E. densa is found most
frequently in monospecific stands or as the dominant
species in mixed stands. We also show that the these
species are differentially affected by the different
environmental factors of depth, temperature, turbidity
and salinity, in addition to management actions that
target invasive species. All of these factors interact to
determine how the presence and biomass of each
species are affected.
The sequential colonization of altered systems by
invading species is not new (e.g. Thiebaut 2007) and
the Delta does not seem to be an exception. One
hypothesis is that the region experiences an ‘‘inva-
sional meltdown’’, a process by which ‘‘multiple non-
indigenous species facilitate one another’s invasion in
various ways’’, either through augmenting invasive
success or the magnitude of their impact (Simberloff
and Holle 1999). E. densa has been observed to cause
this type of sequential replacement of aquatic species
in New Zealand lakes (Wells et al. 1997), in the River
Erft (Germany) (Hussner and Losch 2005), and in
France (Thiebaut 2007). In each case, in shallow
water E. densa displaced other submersed aquatic
plant species after it became established. The chro-
nology of plant invasions in the Sacramento-San
Joaquin River Delta suggests that M. spicatum was
detected in the Delta in late 1950’s and became
common by 1976 (Cohen and Carlton 1995). It was
only in the late 1980’s to early 1990’s that both
E. densa and P. crispus were recorded in the Delta
(Cohen and Carlton 1995). M. spicatum may have
facilitated the spread of E. densa by its earlier arrival
in the system and modification of the river beds into
shallower environments. E. densa is currently the
most abundant submersed plant and occupies a large
proportion of the Delta. E. densa has affected the
physical properties of the environments where it
exists (reduced turbidity and created higher light
environments; Hestir et al. unpublished data), offers
an anchoring support to C. demersum, and impedes
the establishment of other submersed species, such as
M. spicatum, P. crispus and E. canadensis. Unlike
other areas where E. densa cannot occupy the near-
surface high-light habitat, such as in New Zealand
(Hofstra et al. 1999), populations in the Delta can
occupy shallow water and high-light areas due to (1)
twice daily tidal changes in water level, and (2)
prevalence of epiphytes (primarily filamentous algae
such as Cladophora spp. and Spirogrya spp.) that
form dense cover at the surface of the water. The
algal mats provide shade, which allows E. densa to
thrive even under intense summer insolation.
Despite E. densa’s dominance in the Delta system,
other non-native and native species persist. Contin-
ued reduction in E. densa biomass and cover through
single-target management actions is likely to affect
the plant community composition and may lead to
shifts toward native or other invasive non-native
plants such as P. crispus and M. spicatum. It is clear
that non-native plant cover (primarily E. densa) was
significantly reduced in Franks Tract, and areas south
due to herbicide applications between 2007 and 2008
(Fig. 3). Thus, invasion events may not have reached
a dead end, as new invaders are constantly arriving
(Cohen and Carlton 1998) and since current man-
agement actions are focused only on E. densa. As in
many aquatic ecosystems with increasing non-native
species, the lack of historical, pre-invasion data
hampers our understanding of the causality of current
trends. At the regional scale, non-native species are
increasing their dominance in the Delta’s submersed
aquatic plant community, which may not represent a
lack of functionality at the ecosystem level (since the
non-native species are also service providers) but
may trigger unexpected community composition and
interactions.
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